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ABSTRACT

The stimulation of complex gas reservoirs is best done by massive fracturing.
The fractures are driven by fluids such as gels and foams. The prediction of
fracture extent requires very sophisticated models, to account for the real

geologies in which induced fractures interact with natural discontinuities.

We have developed a state-of-the-art model to describe fluid-driven fracture
propagation in naturally jointed, gas-bearing rock formations. It is a finite
element code, named FEFFLAP (Finite Element Fracture and Flow Analysis
Program). The program is highly interactive, with extensive graphical
displays of the fracture behavior. Many automatic features for input
generation, zoning, and rezoning make the code particularly efficient. The

fracture mechanics, solid mechanics and fluid mechanics are fully coupled.

Model verification has been performed against analytical solutions and
physical experiments. The program was developed on a CRAY computer and can be
transcoded for use on workstations and minicomputers. This document
constitutes the user's manual for the code and provides sample problems used

for verification and demonstration of the code's versatility.



1. GENERAL DESCRIPTION OF FEFFLAP

1.1 Introduction

FEFFLAP (Finite Element Fracture and Flow Analysis Program) is a finite
element program for two-dimensional analysis of static or quasi-static
propagation of discrete fractures in homogeneous or jointed media. The
fractures, or cracks, can be driven by a variety of loading conditioms,
including internal fluid pressure. The code contains quite sophisticated
fracture mechanics: stress intensity factors are calculated with special crack
tip finite elements; fracture instability and angle of propagation are
estimated from any one of three fracture criteria; induced cracks can change
direction and can interact with pre-existing fractures. FEFFLAP also provides
for non-linear behavior of discontinuities such as geologic interfaces and
joints, and for steady-state viscous fluid flow in the cracks and the
discontinuities. Pressures and flow rates are determined from crack and joint
apertures. These pressures are then used as boundary conditions for the

structural analysis.
FEFFLAP has evolved from three building blocks:

. the FEFAP (Finite Element Fracture Analysis Program) for discrete
fracture propagation in rock and concrete [1-3].

. the JTFLO code for coupled analysis of flow in fractured media [4], as
further enhanced at LLNL.

. the JPLAXD code for static analysis of structures in jointed rock [5].

This document constitutes the user's manual for the CRAY version of FEFFLAP,
numbered 1.0. A companion report¥* provides the theory and programming
information. Because of the sophistication of the analyses which the code can
perform, it is highly recommended that any potential user be familiar with the

theory of FEFFLAP, rather than simply using the program as a black box.

*Ingraffea, A. R., Shaffer, R. J., and Heuze, F. E., "FEFFLAP: A Finite
Element Program for Analysis of Fluid Driven Fracture Propagation in Jointed

Rock - Vol. 1: Theory and Programmer's Manual', Lawrence Livermore National
Laboratory, UCID-20368, 1985.



1.2 FEFFLAP Characteristics

1.2.1 Structural analysis aspects

The finite element library consists of seven elements of three types: solid,
joint and flow elements. The flow element is the simplest; it is a line
element with two nodes. The remaining six elements are shown in Figure 1. The
joint (interface) element has six nodes and a prescribed thickness. The five
solid elements range from a truss element with three nodes to the quadrilateral
with eight nodes. Singular elements as shown in Figure l e) and f), are used
only at crack tips and are designed to respond to the inverse square root
singularity in the stresses, for the calculation of stress intensity factors
[6,7]. The code can accommodate up to 10 different materials and can propagate

up to 9 cracks at a time; these numbers can be increased with minimal changes.

The finite element formulation is based on the displacement approach. The
structural stiffness matrix i1s obtained by direct assembly of elemental stiff-
nesses. Automatic mesh generation and bandwidth minimization routines are
available. The system of equation is solved directly by a highly efficient

skyline solver [8]. The structural part of FEFFLAP accepts three types of

loading conditions:

. point loads
. edge loads
. initial nodal displacements.

In addition, the fluid flow part of FEFFLAP uses two types of boundary conditions:

pressure and flow rate. These are prescribed at the flow nodes.

The program is both incremental and iterative. Incremental means the ability
to apply loads in a stepwise fashion. This emulates to some degree the

time dependency of a loading, such as a borehole being pressurized in rock;
however, the solution at each load increment is steady state, not transient.
Iterative means that the calculations are performed repeatedly within each
load increment to satisfy the non-linear constitutive relations of geological

materials, and the coupling between the flow and the structural stress changes.

FEFFLAP can calculate the exact load required to initiate or extend any

crack. A multiple load capability is available in the code, for complicated
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fracturing problems involving simultaneously loads that can change and loads
that do not change. An example of such a problem is hydraulic fracturing of a
gas field from a borehole: the field stresses at infinity are constant in
time during fracture propagation, and the fluid pressure in the borehole is
variable; inside the domain, however, the field (ipn-situ) stresses can vary
arbitrarily in space. The multiple load vector capability is described in

detail in the theory manual.

1.2.2 Fracture mechanics logic

The sequence of events in the implementation of linear elastic fracture

mechanics (LEFM) into FEFFLAP is:
(1) Compute stress intensity factors for present crack tip location and loading.

(2)  Substitute K  and K1 into any of three [9-11] mixed-mode interaction
formulas. Compute new crack direction and assess stability. If crack

is unstable, continue. If stable, go to step 4.

(3) Remesh for a selected increment of propagation. Repeat steps 1 through 3

until crack is stable or fracture occurs.

(4) If crack is stable, raise load level until instability is predicted by

interaction formula. Continue with step 3.

A nonlinear fracture mechanics capability also exists in FEFFLAP. Further

details for both types of analyses can be found in the theory manual.

1.2.3 Mesh modification - propagating cracks

The strategy for crack extension through a finite element mesh is as follows:

(1) From the initial direction of the crack axis and the predicted angle of
crack extension, determine the incipient angle of crack propagation in

global coordinates.



(2) Move the quarter-point nodes back to their initial midside positions, to

remove the local singularity from the old crack tip location.

(3) Define a new crack tip node whose coordinates are determined from the

crack length and angle of crack extension.

(4) Define a new node adjacent to the old crack tip node, to provide for

crack opening/closing behind the tip.

(5) Search the previous singular elements, to determine which one is going

to be crossed by the crack.

(6) If the new crack tip node falls inside this element, extend the crack to
it and go to 8; otherwise, simply extend the crack through the entire
length of the element.

(7) Locate the next element to be crossed by the crack and go to 6.

(8) Define the new nodes from which the stress intensity factors will be

evaluated.

(9) Adjust the midside nodes to the quarter-point position, for elements

around the new crack tip.

(10) Display the modified mesh, to allow the user to interactively perform

final adjustments.

1.2.4 Coupling of flow and structural analyses

The solid part of FEFFLAP is coupled with a flow program. Structural
displacements under all the loads, including fluid pressures, determine the
apertures of the joints and cracks. The apertures are then used in the fluid
flow model to determine flow rates and pressures. This process is repeated
until convergence occurs. The nonlinear behavior of joints is also iterated
upon until convergence is achieved within the flow iteration loop. The logic

of the flow/structure coupling is described in Figure 2.
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1.2.5 Graphics and interactivity

The operation of the code depends heavily on graphics because it is a fully
interactive model. The user can alter crack propagation by changing
conditions during the analysis, can iterate on fluid flow and joint
nonlinearities, as required for convergence, and can change aspect ratios of
elements at each increment of crack propagation, to improve accuracy. Each
analysis step is directed by the user with alphanumerical and graphical
feedback of the results of each step. The program suggests courses of action,
but these may be overridden by the user. After any complete crack propagation
step, the analysis can be terminated and easily restarted from the previous
step. The emphasis in the program design is on providing versatility to the
researcher: he is not locked into a batch-produced result via the initial data

input.

Operation of FEFFLAP requires an external graphics routine library, the PLOTI1O
Terminal Control System, Release 3.0, which is produced by Tektronix, Inc.
These routines in turn require a graphics terminal of the Tektronix 4000

series or an emulator of such.

1.2.6 Post processing

Three types of output are provided to the user: monitor graphics, teletype
output, and accumulated output that is put into a file named by the user. On
the CRAY computer the monitor graphics can be accumulated into a graphics file
if desired, and hardcopy can then be obtained after execution of the program.
In addition, FILEl contains the values of all the variables after the last

flow and joint iterations, or the last crack increment. Therefore, additional

processing could be done if desired.

1.2.7 Program size

FEFFLAP is written in Fortran IV, with about 21,000 lines organized into about
100 subroutines. There are no direct limits on the initial number of nodes or
elements as the program was developed for virtual memory operating systems.
However, the size of the blank common (MTOT in subroutine MAIN) should be

adjusted according to the machine size made available to the user.
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2. PREPARATION OF INPUT DATA

1 Input Format and Instructions

|  CARD SET 1

| TITLE CARD

| FORMAT : 12,9A8

| NUMBER OF CARDS IN SET : 1

e +
NOTES COLUMNS VARIABLES ENTRY
1 3-75 TITLE Title of the problem, limited
to 72 alphanumeric characters
NOTES :

1) Note that the title card begins in the 3rd column. See note 8 of
card set 2.

e e +
|  CARD SET 2 l
| CONTROL CARD I
|  FORMAT : 8I5,14I1 I
|  NUMBER OF CARDS IN SET : 1 |
gy S g SO B +
NOTES COLUMNS VARIABLES ENTRY
1-5 NPOIN Total number of nodes
12 6-10 NELEM Total number of elements
11-15 NVFIX Total number of restrained
boundary nodes, where one or
more degrees of freedom are
restrained
1,2,3 16-20 NMATS Total number of material types
21-25 NGAUS Order of stiffness integratiomn

formula for numerical integra-
tion (generally use 2)
10 26-30 NTYPE Problem type parameters:
0 Axisymmetric
1 Plane stress
2 Plane strain

4,5 31-35 NCRAC Initial number of crack tips
13 36-40 NUMLDSET Number of load sets
6 41 IMODE(1) Print input data (0=no, l=yes,

2=perform mesh optimization and
print data)



42 IMODE(2) Plot initial mesh (0=no, 1=yes
43 IMODE(3) Program execution mode (0=data
check, 1=problem solution)
44 IMODE(4) Compute principal stresses
(0=no, l=yes)
45 IMODE(5) Plot deformed mesh (0=no,
1=yes)
7 46 IMODE(6) Plot principal stress vectors
(0=no, l=yes)
8 47 IMODE(7) Save results on unit 1 (0=no,
l=yes)
(presently 48 IMODE(8) Update stiffness matrix of
inactive) concrete elements based on a

triaxial stress—-strain model
OTTOSEN [12,13], (0=no, l=yes)

2,3 49 IMODE(9) Number of interface material
types
50 IMODE(10) Read and plot experimental load
deflection curve (0=no, l=yes)
11 51 IMODE(11) Strains in interface element

are to be divided by its in
plane thickness (t in Fig. 1.d).
(0=nn, l=yes)
52 IMODE(12) Compute reactions (0=no,l=yes)

9 53 IMODE(13) Element stiffrness matrices
already computed and stored in
unit 8 (0=no, l=yes)

14,15 54 IMODE(14) Pressurize cracks and/or inter-
faces.
0 = no pressurization
1,2,3 = fluid flow analysis in
cracks and interfaces
4 = constant pressure in cracks
only

NOTES ;

1) Interface elements must have their own material number.

2) At most 5 interface element material types can be specified.

3) Interface element material types are numbered last.

4) If crack propagation analysis is to be performed, NCRAC should be
the negative of the initial number of crack tips.

5) 1If crack propagation analysis is to be performed with no initial crack
tips, NCRAC should be 9.

6) If mesh optimization is in effect, and problem is not be to executed,
optimized mesh data are written on unit 7 and a table of the new/old
nodes, and element numbers appears in the output. Nodal coordinates,
nodal connectivity, boundary conditions, load vectors, and all appro-
priate data are automatically updated to reflect the renumbering scheme.

7) Principal stresses are not plotted in singular elements or in interface
elements.

8) 1If crack propagation analysis is to be performed and IMODE(7) is not
equal to zero, all the data will be dumped on unit 1 after each crack

increment; to perform a reanalysis, the number 99 should be inserted
into the first 2 columns of the title card of card set 1.
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9) If a reanalysis (without crack propagation) is to be reperformed without |
alterations affecting the global stiffness matrix, substantial CPU time |
can be saved by avoiding the reevaluation of the elements stiffness |
matrices. |

10) For axisymmetric analysis, the y axis corresponds to the axis of I
symmetry (z) and the x axis is along the radial direction (r). |

11) For default interface element models, Card Set 8.2, IMODE(11) must be I
zero. |

12) The program is currently dimensioned for up to 100 interface elements. |
This dimension on variables ENJNT (100,3), ESJNT (100,3), and NUMJNT 1
|

|

|

|

|

|

I

I

I

13) Analysis involving non-proportional loading can be made by using two
load sets. The first load set consists of all loads to be held con-
stant during an analysis. All variable loads are input in the second
load set. All loads in the second set are proportionally modified
interactively during analysis

14) A coupled, steady-state fracture/flow analysis will be performed if
IMODE(14) =1, 2, or 3. In this case KAGR, Card Set 6.3.1, must be
non-zero. See Card Set 10.

15) 1If IMODE(14) = 4, a uniform pressure wil! be applied in cracks only.
KAGR must be zero, Card Set 6.3.1. See Card Set 9.3.6.

T gy O e +

I
|
I
I
[
I
|
I
I
I
: (100,3) must be changed to accommodate more interface elements.
I
I
I
|
|
I
|
|
I

| CARD SET 2.1 I
I CONTROL CARD |
I FORMAT : Il I
| NUMBER OF CARDS IN SET : 1 |

e ——————————— +
NOTES COLUMNS VARIABLES ENTRY
o e e ————————— e ———————— +
1 1 IMODE(15) 0 = do not iterate on interface
element stiffnesses
1 = iterate on interface stiff-
nesses

1) The purpose of this card is to give the user the option of performing
analysis involving nonlinear interface properties, and to interactively

| |
I I
[ |
| |
i |
| NOTES: |
I |
| |
| |
| modify the load factor. See Card Set 8.2.
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CARD SET 3 |
ELEMENT CARDS |
FORMAT : 1315 l
NUMBER OF CARDS IN SET : Variable I

e e e +
NOTES COLUMNS VARIABLES ENTRY
1-5 NUM Element number
6-10 MATNO (NUM) Material type number
1,2,3,9 11-15 LNODS(NU}M,1) First node number
4,5 16-20 LNODS(NUM, 2) Second node number
46-50 LNODS(NUM,8) Eighth node number
6,7 51-55 NEPL Number of elements to be
generated per layer
56-60 NL Number of layers of elements
to be generated
8 61-65 INCR Increment in element number
between two adjacent elements
1n subsequent layers
NOTES :

1) Node number must be listed in a counterclockwise sequence, starting
from any corner node.

2) For triangular or interface elements, only the first 6 nodes need be
specified.

3) For a truss element, only the first 3 nodes need be specified.

4) Collapsed quadrilateral element should have nodes 4, 5, and 6 cor-
responding to the crack tip node.

5) For singular triangular element, node numbering should start at side
opposite to crack tip so that crack tip node is fifth node number.

6) For element generation, numbering of nodes must be along the layers
(Fig. 3).

7) Generation begins with the current element card; 2 consecutive elements
will have their sides 2 and 4 in common.

8) Default value of INCR is NEPL.

9) Input first node number at lower righthand node of element for
generation of Q8 elements when element layers are parallel to the
y-axis.
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CARD SET 4
NODE CARDS
FORMAT : 15, 2F10.0, 315, 2F10.0
NUMBER OF CARDS IN SET : Variable

NOTES COLUMNS VARTIABLES ENTRY

1-5 INOD Node number
1,2 6-15 COORD(INOD,1) X~Coordinate of INOD
16-25 COORD(INOD,2) Y~Coordinate of INOD
3,4 26-30 IA Axis of node generation

(Fig. 4):
1 Block generation in x
direction
2 Block generation in y
direction
3 Row generation in arbitrary
direction
4 Circular arc generation
(with the x—axis not being
crossed during the generation,
or if last node generated is
on the x-axis)
5 Circular arc generation
(with the x-axis being crossed
during the generation)

31-35 NEPL Number of elements per layer
whose nodes are to be generated

36-40 NL Number of layers of elements
whose nodes are to be generated

41~50 XCEN 2 coordinate of fictitious
center point (if IA=4 or 5)

51-60 YCEN Y coordinate of fictitious
center point (if IA=4 or 5)

NOTES :

1) The coordinates of the last node have to be input and not generated.

2) Midside nodes are automatically generated (by linear interpolation)
unless they are attached to interface elements only.

3) Generation is performed with respect %o the previously defined node.

4) For IA=4 or 5, generation is CW only.
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CARD SET 5

|
|  Only if IMODE(2), IMODE(S5), or IMODE(6)=1 in Card 2
| PLOTTING CONTROL GCARD

|  NUMBER OF CARDS IN SET : 2 or 4

|  CARD SET 5.1 I
|  FORMAT : 215 l
|  NUMBER OF CARDS IN SET : 1 |

e +
NOTES COLUMNS VARIABLES ENTRY
e e +
1 1-5 IBAUD Transmission (BAUD) rate in
characters per second
6-10 JTEKNB Tektronix terminal type used

l
|
|
| (400C series)
|
|
(
|

1) Check BAUD rate at rear of TEKTRONIX terminal used.

| CARD SET 5.2 |
| FORMAT : 2I5, 4F10.0 '
|  NUMBER OF CARDS IN SET : 1 J

e +
NOTES COLUMNS VARIABLES ENTRY

e e e ————————————— +
| 1-5 LABELE Labe! element numbers (O=no, |
l l=yes) |
| 6-10 LABELN Label node numbers (0=no, l=yes) |
I 11-20 XMIN Minimum value of X in the plot |
| 21-30 XMAX Maximum value of X in the plot |
l 31-50 YMIN Minimun value of Y in the plot |
I 41-50 YMAX Maximum value of Y in the plot |
e e e e e e e et ———— e ———————— +
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| CARD SET 5.3

| FORMAT : IS

|  Only if IMODE(6)=1 in Card 2
|  NUMBER OF CARDS IN SET : 1

NOTES COLUMNS VARTIABLES ENTRY

1-5 JSTRSG Sign of principal stresses to
be plotted; l=positive only,
2=positive and negative
(tension is positive)

| CARD SET 5.4

|  FORMAT : 1615

|  NUMBER OF CARDS IN SET : 1

|  Only if IMODE(6)=1 in Card 2

o e ——————— +
NOTES COLUMNS VARIABLES ENTRY
1-5 IBPS(1) First node defining region
inside which stresses are to
be plotted
5-10 IBPS(2) Second node defining region
inside which stresses are to
e plotted



CARD SET 6

CRACK ANALYS]1S INFORMATION

Only if NCRAC NE 0 in Card 2
NUMBER OF CARDS IN SET : Variable

CARD SET 6.1 |
CRACK TIP INFORMATION |
Only if NCRAC#9 »r 9.

FORMAT : 1415

NUMBER OF CARDS IN SET : |NCRAC|

- e e — = +
NOTES COLUMNS VARIABLES ENTRY
1-5 ICRAC Crack number
1,2 6-10 LCRAC(ICRAC,1) Crack tip node number (Node A)
11-15 LCRAC(ICRAC,2) Node B
16-20 LCRAC(ICRAC,3) Node C
21-25 LCRAC(ICRAC,4) Node D
26-30 LCRAC(ICRAC,5) Node E
31-35 NECRAC(ICRAC,1) First element around crack tip
36-40 NECRAC(ICRAC,?2) Second element around crack tip
65-70 NECRAC(ICRA(C,8) Eighth element around crack tip

NOTES:

1) See Fig. 5. For a crack tip along a symmetry line, only 3 nodes have
to be defined. The positive crack axis (x) must coincide with the
positive global X or Y axis.

2) Note that the end of a discontinuous joint must be treated as a crack
tip, if extension of this end is possible.
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CARD SET 6.2

FRACTURE ANALYSIS CONTROL CARD
FORMAT : 215

NUMBER OF CARDS IN SET : 1

S S +
NOTES COLUMNS VARTIABLES ENTRY
_________________________________________________________________________________ +
1-5 IFRAN Mode of fracture analysis |
1=Computation of stress inten- |
sity factors only |
2=Computation of stress inten-— |
sity factors, and determination |
of angle of crack propagation l
3=Full quasi-static or unstable |
crack propagation analysis with |
self-modification of the mesh I
6-10 ITEORY Mixed-mode fracture criterion {
to be used. |
. Sigma theta max |
2 § theta min |
3 G theta max |
_____________________________________________ o n e g o T S T 2l S o P T o T N it . e o
________________ e e
o e e +
| CARD SET 6.3 |
| Only if IFRAN=3 in Card 6.2 l
|  CRACK EXTENSION INFORMATION l
|  NUMBER OF CARDS IN SET - 3 |
e +
——————————————————— +.__ - — e — e —— i ——— ——
et e —————— +
|  CARD SET 6.3.1 I
| FORMAT : 315 |
|  NUMBER OF CARDS IN SET : 1 |
F e +
NOTES COLUMNS VARTABLES ENTRY
_______________________________________________________________________________ +
1-5 JNWCRC Number of allowable crack tips |
6-10 MAXCRA Number of allowable crack |
increments |
11-15 KAGR Material property number of
interface elements to be inserted |
along propagating crack, (KAGR=0 |
for no 1nterface elements) l
___________________________________________________________________________________ +
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| CARD SET 6.3.2
|  FORMAT : 8F10.0
| NUMBER OF CARDS IN SET : 1

e +
NOTES COLUMNS VARTABLES ENTRY
1-10 CRAINC Length of each crack increment
1 11-20 THCKRK Thickness of propagating cracks
21-30 ANGMAX Maximum angle (degrees) to be

sustained by crack tip elements
(should be 40-60 degrees)

2 31-40 RSLOPE Slope of the R curve
41-50 FC Uniaxial compressive strength
of material 1
51-60 FT Uniaxial tensile strength of
material 1
61-70 TENCOM Tensile stress causing crack

opening in tensile-compressive
region of material 1

NOTES:

1) This feature is essentially for graphic display, but it will also
modify slightly the stiffness matrices of the adjoining elements.

2) The zero intercept of the R curve will be computed by the program in
terms of CKl and of the elastic properties of material number 1.

! CARD SET 6.3.3 |
| FORMAT : 315 |
| NUMBER OF CARDS IN SET : 1

e +
NOTES COLUMNS VARIABLES ENTRY
1-5 NODMON(1) First node of which displacements
are to be monitored
6-10 NODMON( 2) Second node of which displacements
are to be monitored
11-15 IWMON Degree-of-freedom (DOF) to be

monitored
0 = X-displacement

1 = Y-displacement

NOTES:

1) The DOF defined by IWMON of NODMON(l) will be used in a plot of load
factor versus displacement.
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CARD SET 6.4

PLOTTING CONTROL CARDS

Only if Card Set 5.1 has not been defined
FORMAT : 215

NUMBER OF CARDS IN SET : 1

e e e —— e ———— +
NOTES COLUMNS VARIABLES ENTRY
1-5 IBAUD Transmission (BAUD) rate in
characters per second,
6-10 JTEKNB Tektronix terminal number used

(4000 series)

| CARD SET 6.5

|  CRACK PLOTTING CARD

|  FORMAT : 1615

| Only if IFRAN=3 or 4

| NUMBER OF CARDS IN SET : 1

e e e ——————  ————— ———— ————————————————— +
NOTES COLUMNS VARIABLES ENTRY
e e e e e e e e e e e e e e e e e o e e e 0 7o e P o e o T . o e S e e o e e e S S o e e S
1-5 ICBP(1) First node defining region
inside which cracks are to be
plotted
6-10 I1CBP(2) Second node defining region
inside which cracks are to be
plotted
o e e e e e e e e e e e e et e o i S o e o o S . o o o e . o e B . A
96 - - - - 12
L { 3 4 4
70 - - - —e—a86
] ! { ! !
44 - > - -— - — 60
p p
17 18 19 20 21 22 23 24 252627 28 28 30 31 32 33 34
= o @& =
a, A A A
/M QM /M
) o D ©
— — e —
17 34 (|2 96 Caord set 65

Figure 6: Example of Region Definition.
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|  CARD SET 6.6 l
|  GENERAL CRACK GEOMETRY |
|  FORMAT : 16I5 l
|  NUMBER OF CARDS IN SET : 1 for each crack tip |
| Only if IFRAN=3 or 4, and NCRAC NE to O or 9

e e +
NOTES COLUMNS VARTIABLES ENTRY

1-5 ICRAC Crack tip number

6-10 KRKTAL Crack tip number attached to

tne tail of crack ICRAC; 0 if
none (crack originates from a
free surface)

1 11-15 KRAHIS(ICRAC,1) First node along crack ICRAC

NOTES :

1) Start at tail of crack; input every node along one side of the crack
(used for plotting purposes only).

| CARD SET 7

| RESTRAINED NODES CARDS (see examples on Fig. 7)
[ FORMAT : IS5, 3X, 2Il1, 315, F10.)

! NUMBER OF CARDS IN SET : Variable

e +
NOTES COLUMNS VARTAELES ENTRY
1,2 1-5 NOFIX(IVFIX) Restrained node number
9 IFPRE(IXFIX,1) Condition of restraint on X
displacement

0=no restraint
1=restraint
10 IFPRE(IVFIX,? Condition of restraint on Y
displacement
0=no restraint
1=restraint

3 11-15 LASNO Last node number on a row B.C.
(Boundary Condition) generation
16-20 INCR1 Difference between midside node

number and corner node number
along line of B.C. generation

21-25 INCR2 Difference between corner node
number and midside node number
along -ine of B.C. generation

4 26-35 TETABC Transformation angle for

inclined B.:7. restrained in
the Y direcrion
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|

I

|

| 1) In axisymmetric analyses, all the nodes along the axis of revolution
| (Y) should be restrained against displacements in the X direction.

| 2) Nodes with an initial displacement should be restrained in that

‘ particular direction.

| 3) Generation for B.C. nodes should start and end at an element corner
l node.

| 4) For inclined B.C. data, no generation is possible; at most 50 nodes
| with identical TETABC can be specified, and IFPRE(1) and IFPRE(2) are
| to be left equal to 0.

| CARD SET 8 |
| MATERIAL TYPE CARDS |
i NUMBER OF CARDS IN SET - NMATS, from Card 2

CARD SET 8.1

MATERIAL CHARACTERISTICS

FORMAT : 15, 6F10.0

NUMBER OF CARDS IN SET : NMATS-IMODE(9), from

NOTES

1) 1If material type number is ome of a truss element, PROPS(MAT,2) is the
yield stress and PROPS(MAT,3) is the cross sectional area.

2) PROPS(MAT,3) is defaulted to unity.
e e e ——— e ——————————— e +

card 2
e e e e e e e e = = e e e e 7 i e e e o e e it +
NOTES COLUMNS VARTABLES ENTRY
e +
| 1-5 MAT Material type number |
| 6-15 PROPS(MAT,1) Young's modulus |
[ 1 16-25 PROPS(MAT, 2) Poisson's ratio l
[ 2 26-35 PROPS(MAT,3) Material thickness in direction |
l normal to the plane of analysis |
| 36-45 PROPS(MAT,4) Mass density |
i 46-55 PROPS(MAT,5) Coefficient of thermal expan-
| sicn |
| 56—65 PROPS(MAT,6) Ky , plane strain fracture
tovrghness l
{
l
I
|
|
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|  CARD SET 8.2 I
| INTERFACE ELEMENT CONTROL DATA
| Only if IMODE(9) NE 0, from Card 2 I

| CARD SET 8.2.1 |
|  FORMAT : 12, I3, 7F10.0 |
I NUMBER OF CARDS IN SET - IMODE(9)

gy O e +
NOTES COLUMNS VARIABLES ENTRY
1,4,5 1-2 NJOINM Interface material number
3-5 NTRFTP Interface type:
7 Closure Model 1: Normal stiff-

ness will be assigned if the
faces of the interface element
have a negative relative dis-
placement (takes into account
only the displacements)

8 Closure Model 2: Normal stiff-
ness will be assigned if the
2 faces of the interface ele-
ment will overlap (takes into
consideration both coordinates
and displacements)

2 Shear Model 3: Aggregate
interlock wmodel for concrete

9 6-15 ENORMJ Initial interface normal
stifiness

16-25 ESHEAR Initial interface shear stiff-

ness

6 26-35 COHES Joint peak cohesion

3 36-45 CINIT Initial crack opening for crack
experiencing aggregate inter-
lock

5 46-55 PHIR Resicual friction angle, in
degree

6,5 56-65 STRPOS Tens:le strength

5 66~75 CLOMAX Maximum joint closure under

compression, input as a posi-
tive number. Defaulted to
0.00 * element length.
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NOTES :

|
|
| 1) The interface element material models must be listed in order (i.e.,

| the first card of this set must have NJOINM equal to the lowest

‘ interface material number.

| 2) 1f NTRFTP = 3, the program will assign to interface elements inserted

| in a crack in concrete the shear stiffness derived by Fenwick and

| Paulay [14] which is inversely proportional to the crack opening.

| All problem units must be in kips and inches to use this particular

[ model. If crack is tending to open, or if open and tending to close,

| normal stiffness will be set to zero. If crack sides come into contact
| on closure, normal stiffness will be automatically set to high value to
| prevent overlap. The only additicnal variable required on this card

| if NTRFTP=3 is CINIT. T1If NTRFTP=3, the concrete elements must have

| material property set 1 (MAT=1 in Card Set 8.1, card 1).

| 3) CINIT, the initial crack width, is used only when NTRFTP=3. CINIT

| must be > 0.001 in.

| 4) The out-of-plane interface thickness is the same as the thickness of

| material number 1.

| 5) A nonlinear joint model described in Figures 8 to 11 is available.

| See Note 6. User must re-program subroutine DJOINT for other nonlinear
1 interface models. Refer to comments in DJOINT for further details.

| 6) 1If user specifies finite values for STRPOS or COHES, i.e., if shear or
% tensile failure modeling is desired, IMODE(16) on Card Set 2.1 should
| be equal to 1 so that iterations can be performed until user is

l satisfied that convergence has occurred.

| 7) This model is typically used for a rock joint with filling material.

f Non-zero values of ENORMJ, ESHEAK, and “LOMAX should be input

| (Figures 9, 10).

| 8) This model is typically used for crack Lnterface elements, gaps, or

| joints without filling material. All properties should be set to

| zero except PHIR which becomes the friction angle between two

| potentially contacting materials.

| 9) Assumes the same value for opening and :losing. See Notes 7 and 8.
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| CARD SET 8.3 l
| Experimental load deflection curve

| Only if IMODE(10)=1 |
| NUMBER OF CARDS IN SET : Variable |

e +
________________ +______u ——————— — ———

et it +

| CARD SET 8.3.1 |

| FORMAT : IS I

| NUMBER OF CARDS IN SET : 1 |

B et e e +

NOTES COLUMNS VARIABLES ENTRY

e +
l 1-5 NPDEL Number of points defining the |

| experimental load deflection |

| ~urve (fewer than 51) |
e RO U +

| CARD SET 8.3.2 I
| FORMAT : 2F10.0 |
| NUMBER OF CARDS IN SET : NPDEL |

e e e e +

NOTES COLUMNS VARIABLES ENTRY
A e e +
| 1-10 LOAD Value of the load |
l 11-20 DELTA Deflection corresponding to |
| load |

o e e —————————— +
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| CARD SET 9 l
| LOAD DATA I
| This set 1s repeated once for each load set. |
|  NUMBER OF CARDS IN SET : Variable

o +
———————————————— t————————— e ——————
e e e ——————————————— ——— +
|  CARD SET 9.1 I
|  LOAD TITLE |
| FORMAT : 12 A6 |
e e e +
NOTES COLUMNS VARIABLES ENTRY
1-72 TITLE Title of the load case;
limited to 72 alphanumeric
characters
________________ U,
e e e ————— —— - +
| CARD SET 9.2 |
| LOAD DATA CONTROL CARD I
|  FORMAT : 5I5 |
et gy Aoy +
NOTES COLUMNS VARIABLES ENTRY
1-5 IPLOD Applied point load control
parameter: O = No applied
nodal loads to be input;
1 = Applied nodal loads to be
input
6-10 IGRAV Gravity loading control
parameter: O = No gravity
loads to be considered; 1 =
Gravity loads to be considered
11-15 IEDGE Distribution edge load control
parameter: O = No distributed
edge ioads to be input; 1 =
Distributed edge loads to be
input
16-20 ITEMP Thermal loading control
parameter: O = No thermal
loading to be counsidered;
1 = Thermal loading to be
considered
21-25 INIDIS Initial displacement control
parameter: O = No initial
displacements; 1 = Initial
displacements
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NOTE: 1In the current version of FEFFLAP (1.0) the gravity and thermal
loadings are operational only when no crack propagation takes place. 1i.e.
when no new nodes are generated during the analysis.

CARD SET 9.3.1

APPLIED LOAD CARDS

Only if IPLOD =1

NUMBER OF CARDS IN SET : One card for each
loaded node (+1 if last node not loaded)

e e e +
NOTES COLUMNS VARTABLES ENTRY
g g U +
o 1-5 LODPT Node number I
| 6-15 POINT(1) Load component in X direction |
i 16-25 POINT(2) Load component in Y direction
J I
| NOTES: l
I [
| 1) This last card should be that for the highest numbered node whether it |
f is point loaded or not.
e e +
———————————————— +——-— ——— e ——— — i e —

o +

|  CARD SET 9.3.2 l

| GRAVITY LOADING CARD l

|  Only if IGRAV=1 I

|  FORMAT : 2F10.0 |

I NUMBER OF CARDS IN SET : 1 |

e ——— +

NOTES COLUMNS VARIABLES ENTRY

e e +
| 1-10 THETA Angle of gravity axis from the |
l positive Y axis |
| 11-20 GRAVY Gravity constant-specified as |
| a multiple of the gravitational |
| acceieration, g '
e e +
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CARD SET 9.3.3 I
DISTRIBUTED EDGE LOAD CONTROL CARD |
Only if IEDGE=1

NUMBER OF CARDS IN SET : Variable |

1) Subsets 9.3.3.2 and 9.3.3.3 must be repeated in turn for every loaded

o ————————— e — i ——————————— +
________________ +.___.<-_____ - — e — " —
e e ————— +
|  CARD SET 9.3.3.1 |
|  FORMAT : I5 |
|  NUMBER OF CARDS IN SET : 1 |
e e e ——— e +
NOTES COLUMNS VARIABLES ENTRY
+ ________________________________________________ . rm ———— — — —— ——— i - - S — —— i ——— — — ——
| 1 1-5 NEDGE Number of element edges on
I which distributed loads are
I to be applied
|
| NOTES ;
|
|
I element.
e e e e e e e e e e e e i e ———— - e B S P o e e e e e e
________________ +._...____ —— e ——————
e e o e o o e ———— e = +
| CARD SET 9.3.3.2 l
|  FORMAT : 415 I
I NUMBER OF CARDS IN SET : NEDGE I
o e —————————— +
NOTES COLUMNS VARIABLES ENTRY
ULy UL U R RRpP S
| 1-5 NEASS The element number with which
I the element edge is associated
I 6-10 NOPRS(1) List of nodal points,
I in a counterclockwise sequence,
| 11-15 NOPRS(2) of the nodes forming the
I element face on which the
| 16-20 NOPRS(3) distributed load acts
+



g S +

NOTES COLUMNS VARIABLES ENTRY

1 1-10 PRESS(1,1) Value of normal component of

distributed load at node
NOPRS{1)
2,4,5 11-20 PRESS(2,1) Value of normal component of
distributed load at node
NOPRS(2)
21-30 PRESS(3,1) Value of normal component of
distributed load at node
NOPRS(3)

3,4,5 31-40 PRESS(1,2) Value of tangential component

of distributed load at node
NOPRS(1)

41-50 PRESS(2,2)  Valur of tangential component
of distributed load at node
NOPR3(2)

51-60 PRESS(3,2) Value of tangential component
of distributed load at node
NOPRS (3)

NOTES :

1) Subsets 9.3.3.2 and 9.3.3.3 must be repeated in turn for every
element edge on which a distributed load acts. The element edges can
be considered in any order.

2) A pressure normal to a face is assumed o be positive if it acts
towards the inside of an element

3) A tangential load is assumed to be positive if it acts in a counter-
clockwise direction with respect to the loaded element.

4) If the thickness of NEASS is different than 1., then the user should
multiply the actual pressure load (force/area) by the thickness and
input the distributed load as force/length.

5) In axisymmetric analysis, the distributed load is to be kept in terms

—33_

|  CARD SET 9.3.3.3 |
|  FORMAT : 6F10.0 |
l NUMBER OF CARDS IN SET : NEDGE I

of load/area and an analysis of a 1 radian segment will be performed.
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CARD SET 9.3.4 |
Only if ITEMP=1, in Card 9.2 |
FORMAT : I5, F10.0 |
NUMBER OF CARDS IN SET : Variable |

e o +
NOTES COLUMNS VARTABLES ENTRY
e e e e e e it e = = o o e e e e +
1,2 1-5 NODPT Node number
6~15 TEMPE(NODPT) Temperature at node |
|
NOTES : =
1) Datum temperature is taken to be zero. |
2) Only nodal temperatures which are non-zero need be input. |
The card set must terminate with the highest numbered node |
regardless of the temperature value at this node. |
_________________________________________________________________________________ +

NOTE: Thermal loading is operational only in the absence of crack propagation.
See NOTE at 9.2.

I CARD SET 9.3.5 I
|  INITIAL DISPLACEMENT CARDS |
j  Only if INID1S=1, in Card 9.2 I
S S +

I CARD SET 9.3.5.1 |
|  INITIAL DISPLACEMENT CONTROL CARDS

i |
| |

FORMAT : I5
NUMBER OF CARDS IN SET: Variable
Ao e m—————— e ——— e +
NOTES COLUMNS VARTIABLES ENTRY
________________________________________________________________________________ +
1,2 1-5 NINID Number of elements having |
initial displacements |
NOTES : I
|
1) Subsets 9.3.5.2 and 9.3.5.3 must be repeated in turn for every element. |
2) Nodes with an initial displacement should be restrained in those |
particular directions. l
________________________________________________________________________________ +
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|  CARD SET 9.3.5.2 |
|  FORMAT : 4I5 |
|  NUMBER OF CARDS IN SET : Variable l

e e e e e ————————— +
NOTES COLUMNS VARIABLES ENTRY
e e e e et e e e ——— e e — — —
| 1-5 NEASS The element number with which
| the element edge is associated
I 6-10 NODIS(1) List of nodal points, in an
| anticlockwise sequence,
I 11-15 NODIS(2) of the nodes forming the
| element face on which the
| 16-20 NODIS( 3} initial displacement acts
e e e e e e o i e & i e e e e e e e e e o o e o e e e
__________________ e e e e
e +
|  CARD SET 9.3.5.3 l
|  INITIAL DISPLACEMENT VALUES
| FORMAT : 6F10.0 |
|  NUMBER OF CARDS IN SE1 : Var.able l
e e e e +
NOTES COLUMNS VARIABLES ENTRY
e e e e ———————
| 1-10 DISX(1) Value of the X component of the
| initial displacement of node
I NODIS{1)
l 11-20 DISX(2) Value ¢f the { component of the
| initial displacement of node
I NODIS(:)
| 21-30 DISX(3) Value of the X component of the
l initia., displacement of node
I NODIS(:)
l 31-40 DISY(1l) Value of the 7 component of the
| initial displacement of node
I NODIS(:)
| 41-50 DISY(2) Value ¢f the Y component of the
| initia’ displacement of node
[ NODIS(:)
l 51-60 DISY(3) Value «f the { component of the
| initia! displacement of node
I NODIS{( )
e e e o .



| CARD SET 9.3.6

| Maximum Pressure for Crack Pressurization
| Only if IMODE(14)=4, in Card 2

l FORMAT : 6F10.0

J NUMBER OF CARDS IN SET : I

gy Mg VA e +
e e e e e e
NOTES COLUMNS VARIABLES ENTRY
b e e e e e e o i = e P i e e e e e e e — +
1-10 PMAX Maximum pressure in crack
____________________________________________________________________________________________ +
—____-—_________+ [P — ———— —
e e e e e < T e m e e T e e e o e e +
| CARD SET 10 |
| FLUID FLOW DATA l
i Only if IMODE(14) = 1, 2, or ;
. NUMBER OF CARDS IN SET : Variable I
e s e o o o o i 1 £ N e 1 S o o A A e o o e e +
o o i e e e . - = e o o e o e e e e +
| CARD SET 10.1 |
[ FLUID CONTROL PARAMETERS i
| FORMAT : 315.3, F10.2 l
e e e i e e e v . o o e e i +
NOTES COLUMNS VARTABLES ENTRY
___________________________________________________ o e i ——— " _— ——————— T —— i — — — — = = o o}
1-5 NSHELL Joint cut-off number: highest |
number of scolid material. '
6-10 NJELT Number of joint elements.
11-15 NiMFNP Number of flow nodal points. |
Number must increase with |
increasing joint element l
number . |
16-25 XNHP Maximun pressure, psi (used |
for scaling: |
25-35 SPGR Specific gravity, pound per |
cubic inch. Put 1.0 since |
water 1eads are given in terms |
of pressure. |
36-45 VISC Dynami : viscosity, pound |
sec/in:h For water at 20°C, l
about 1.4 X 10"7 |
________________________________________________________________________________________ +



| CARD SET 10.2 {
|  FLOW ELEMENTS AND NODES |
|  FORMAT : 3I5 |

1 1-5 M Flow element number. Start
with 1, increase with increas-

ing structural joint number.
2 6-10 IXF(M,1) Noda: point I.
11-15 I1XF(M,2) Noda. point J.

NOTES :

1) If elements are omitted, the program automatically generates the miss-
ing elements and flow nodes.

2) The joint structural element number, IXF(M,3) that corresponds to
element M, is automatically generated.

A e e e e e e e e e e e o i o A 1 . A i e B St o o 1 e 1. e o . o . o S e o P o T A S . e R o S o o o
_________________ e e e
e e e e e e e e +
| CARD SET 10.3 |
| FLOW NODAL POINT BOUNDARY CONDITIONS |
| FORMAT : 2I5, 2F10.3 l
e e e e e e —— e o o e +
NOTES COLUMNS VARIABLES ENTRY
1-5 N Nodal point number.
1 6-10 1B Number which indicates head

or flow rate to be specified.

Heads to be input as pressures.
11-20 XH Pressure at node N.
21-30 XQ “low rate at Node N.

NOTES:

1) 1If the number in columns 6-~10 is
-1 XH is blank and XQ is the specified flow rate.
0 XQ and XH both are blank (corresponding nodal point is an internal
point).
+]1 XQ is blank and XH is the specified heac.
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CARD SET 10.4 |
APERTURE |

I FORMAT

e

COLUMNS

£5

VARIABLES

NTHICK

NOTES :

1) NTHICK =
NTHICK =

o e ——

NOTES

g

1-10 THICKE Aperture in inches.
A e i e e am e o = i e o e e et -t i e A e o e e e o o S (. m —m
e e e o e
e e e e +

NOTES

A e o s i e o o e e

l 11-20 AAM

e e e =

COLUMNS

COLUMNS

Contrc: for aperture
distrihntion

1 gives constant width aperture d.stribution.

2 gives lognormal width aperture listribution.

o e e v e o o R o b e e

CARD SET 10.4.: [
CONSTANT WIDTH APERTURE |
Only if NTHICK = 1, in Ca-d | r.2 [
FORMA'T F10. 2 l

s = et et s e e ot e a e e e it i e et e o . e e e e 2 2

VAR TABLES ENTRY

CARD SET 10.4.2 l

LOGNORMAL, APERTURE DISTRIBUTION

Only if NTHICK = 2, in <ard 10.< l

FORMAT : 2F10.2 |
+

VARILARLES ENTRY

1-1¢ AAS Standzrd deviation.

Mean.

e e i e i e e e e e n

|
|
I
|
l
|
|

e e e s o o e 1 ot e e . o e e e o e
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|  CARD SET 10.5 |
|  MINIMUM APERTURE FOR FLOW l
| FORMAT : 10.2 |

g +
NOTES COLUMNS VARTIABLES ENTRY

o e e ot e i o e e i o o e S 2 em e e et e ot e i e A o e e e

| 1~-10 WMIN Minimum aperture for fluid

| flow. For water, about 1072

I inches.

+ ______________________________________________________________________________

________________ e e ————————

2.2 Restart Capability

A file 1is specified automatically for dumps at the end of each crack increment
cycle. 1If no crack increment, it occurs after flow and joint iterations have
been completed. To restart FEFFLAP simply put the number '99' into the first

two columns of the first line of the data set.
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3. GENERAL OPERATING INSTRUCTIONS

In this section the procedure for operating FEFFLAP on the Cray computer is
described. A sample problem is provided, complete with data set and the
teletype prompt and input record. FEFFLAP is a highly interactive code and
graphics pages appear on the monitor during execution. These graphics pages
are designed to provide the operator with sufficient :nformation at each step
so that intelligent decisions can be made. A "mcuse' or cursor control is

required for the execution of FEFFLAP.

3.1. Graphics Output

The graphics pages that are displayed during the execution of FEFFLAP consist
of:

. The finite element mesh - node numbers and, or element numbers can be

displayed on the mesh. This is controlled from the input data set.

Stress plots ~ one can select all stresses or positive stresses only.

Again, this selection occurs in the date input set.

A plot of all the cracks. An outlive of the mesh is provided.

. An amplified distortion plot that is scalec up so that all the larger

displacements are easily visible.

. The mesh again; the point of crack initiat on or crack propagation is
designated by positioning the curscr (or mouse) on that point on the
mesh. A desired "window" is selected at this time, again with the aid

of the cursor.

A plot of the new mesh; the new crack increment is included and all the
new elements and nodes have been gererated autcmatically. The user now

has the option of changing aspect ratios of elements by moving nodes

with the aid of the cursor.

. A new stress plot.
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A load-displacement curve for the node selected in the input data set.

Amplified distortion plots are provided for each iteration on fluid flow

or interface nonlinearity.

3.2 Execution Procedure

The preparation of the initial data file to be submitted to FEFFLAP has been
described above. Once the program begins execution, a large amount of
information is continuously exchanged between the user and the program. Every
effort has been made to make the program execution commands as clear and
concise as possible. However, there are a few occasions where the user should
have a prior knowledge of the underlying assumptions before hitting any key.

Those particular cases will be summarized below.

. Each new display page 1is entered by hitting the RETURN key.

When the mesh is displayed with 2 boxes (MODIFY and NEXT) on the lower

left corner, one can:

a) Redisplay the mesh by hitting any alphanumeric key while the

horizontal cursor is outside thos: 2 boxes.

b) Perform local mesh modifications. Drag a node by hitting any
alphahumeric key (with the exception of s,S,b,B,r,R,d,D) while the
horizontal cursor is on MODIFY. One then puts the cursor on the
node to be dragged, hits any key puts the cursor to the new

position, and again hits any key.

¢) Improve element aspect ratios by changing the orientation of a side
if it is common to 2 triangles. Hit b (or B) while the horizontal
cursor is on MODIFY, then position the cursor on the first vertex
node of the side, hit any kev, »osition the cursor on the other

vertex node, and again hit any xey.
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d) Resume execution by hitting any key (except b,B,s,S,r,R) while the

horizontal cursor is on NEXT.

When one is asked to select the point of new crack nucleation, one camn:

a) Nucleate a crack from a corner node by hitting any key except s,S

while the cursors point to the node.

b) Nucleate the crack from an element side by hitting s or S while the

cursors point to the location on the side where nucleation is desired.

The line 'RB, RF, NB, NF, T, E' appears on the teletype when FEFFLAP is
initiated. This line can be obtained by typing 'X' after a '?' prompt.

The parameters are:

RB — RJET Begin where RJET is the printer fixture
RF - RJET Finish
NB

NIPS Begin
NF - NIPS Finish
T - Time

E - End Program.

For example, typing RB will accumulate all subsequent monitor plots
in a file called RAA43B11. Either RF or E closes this file. The
hardcopy is then obtained by typing:

GIVE RAA43B11 000002 K. END

Later files are named RBB43Bll, etc. if earlier files are not deleted.



. To reduce clutter due to overrun of element and node numbers in refined
areas of a mesh, the user may "zoom" into an area. This is possible
anytime a frame is displayed around the mesh. To initiate the zooming
process, hit the "r" key and then RETURN. The user will then be prompted
for the limits of the rectangle containing the area desired. These
limits are expressed as XMIN, YMIN and XMAX, YMAX: these are coordinates

of the lower left and upper right vertices of rhe rectangle, respectively.

. The stress-intensity factors play an important rocle in the operation of
FEFFLAP. The user can obtain a graphical display of the stress-intensity
factors on a KI—KII interaction plane any:ime a frame appears around
the mesh. This plane will be displayed when the "g" key is hit, followed
by a RETURN.

When a crack is initiated from an interface the following question appears:

"What is the other element number?" One must enter zero, i.e., "0".

3.3 Sample Problem

The sample problem is shown in Figure 12. It includes four joints at 24-inch
spacing and a 9-inch diameter borehole. Constant, unequal, compressive
stresses are applied horizontally and vertically. The borehole is then
pressurized to cause fracture initiation and extension. Figure 13 is an
amplified picture of the borehole which shows how well 8 finite elements can
represent a borehole. This problem utilizes the multiple load capability of
FEFFLAP; the field stresses are constant and the pressure in the borehole

varies. The following are supplied 11 sequence:
. the input data set.

. teletype interaction.

some of the graphics output; fifty-four pictures were generated for this

problem, but only a few are shown hare¢ for illustration purposes.



—44—

Figure 12. Sample Problem Consisting of a Borehole and Four Joints

Figure 13. The Borehole Region of Figure 12 Shown Enlarged



3.3.1

GBNON LW O,

Data input file.

e problems cracks {ntttatin

WNNNNNANADRN N AN N R A A P omt 0ot b 5ol ot o ol s Pad Sub s Sk pust Db et Pt S bt S ud Pl b oot it G Dot Duf Gud D Sutf of Jrid bl Dol Gui Gl Gu Bk B Wub

129
151
18
35
47
136
154
13
188
139
184

127

132
134
137
124
142
152
149
1489
18
59
157
28
58
61
144
159
22
54
119
148
161
24
121
163
193

128

133
13%
138
125
158
183
138
141

29
126
168

32

4y
129
151
171

35

47
136
154
174
188
139
127
118

17
19
21
23
26
49
41
62
45
48
58
7
71
63
64
65
67
134
68
69
87
182
183
184
185
186
187
188
128
122
143
145
146
147
149
156
168
168
162
164
28
125
i67
31
39
i28
159
178
34
46
135
183
173
37
138
176
192

133
133
131
192
99
52
94
9%
98
108
182
138
141
158
151
183
183
154
167
178
173
176
179
17
58
156
19
49
68
143
158
r
53
66
147
168
23
12¢
162
87

- 45 ~

2211LtLLIMaNNIN2D
4 26 16
3y 29 18
33 2 2
36 35 22
65 108 24
38
174
43 42 61
62
64
124 123 87
127 126 69
e 129 61
73 72 62
75 74 63
77 76 64
79 78 65
€8 82 81
132 113) 69
138 129 78
188 86 71
8s 88 18!
81 92 182
93 92 183
95 94 184
97 96 185
99 $8 186
181 188 187
137 136 119
148 13% 1)12)
142
144
162 1S: 145
148
148
166 165 165
169 168 157
172 171 159
176 174 161
178 177 163
3
28
125
6
31
39
128
1589
9
34
46
13%
153
12
37
138
88

g from a borehole (n VYayered media

CONTROL CARD
ELEMENTS



=72.8
-36.0
-36.9
-12.0
-12.4
12.9
12.8
36.9
36.8
72.8
-72.8
-3‘ .8
=-36.8
-12.8
-12.9
12.9
12.8
6.9
-12.8
-12.8
-g4 .0
4.9
12.9
12.8
72.9
-7.8
-‘o“

196
198
119
112
114
116
110

716

-4.94976

-2.67
s.0
2.67

878
87e

4.94975
6.46716

7.8
6.46

716

4.94975
2.67878

-2.67878
~4.9497%
-6.46716

-4.86

-4.15746

198

-1.7228@8

1.72288

3.18

198

4.16746

4.6

4.15746

198

1.72208

198
107
199
1
113
116
117
-7' L]
-78.
-78.8
-78.9
-75.9
-78.4
-75.9
-78.8
~-715.8
-78.8
-32.8
-18.8
-18.82
-32.8
-32.8
-32.89
-32.9
-18.9
-18.9
-18.9
-18.9
-18.9
-18.8
-18.8
~32.8
5.5

184
196
19
118
112
114
116

-2.67878
-4.949786
-6.46716

-7.8

-6.46716
-4.94975
-2.67878

2.67878
4.94975%
6.46716

7.9

€.46716
4.94975
2.67878

-1.72298
-3.18198
-4.15746

-4.5

-4.15746
-3.18198
-1.72288

1.72288
3.18198
4.15746
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NODAL COORDINATES



183
184

s.9
-] o’lt'.
-3.10198
"0’.7“

-.418746
-.318198
-.17228%
s.9
172208
-318198
.415746
.45
.416746
.310198
.172288
.9
-.172288
-.310198
-.416746
-72.9
-36.8
-36.8
-12.8
-12.8
-84 .8
4.5
12.9
12.8
3¢6.8
36.8
72.8
-12.9
-12.%2
12.9
12.8
-72.8
-36.8
-36.9
-12.8
-12.8
12.9
12.8
36.8
Je.2
72.8
36.8
4914
8

15 179

1
24 4
18. 8

179

P Bas s Gt B

5
!
i
1
1

118

4.9
4.18
3.18
1.72
8.9
-.172
-.310
-.4186
--‘s
-.415

74¢
199
| ]

28
198
746

746

-.172
8.8
172
.318
4156
.45
.418
.318
172

208
198
746

746
198
2n8

32.8
15.2

19.8
19.8

18.9
19.8
15.2
18.8
19.9
32.9
32.9
32.8

32.8

32.9

0.8
9.8
9.8
5.0
0.9
5.8
.8
9.8
78.9
9.8
-19.2

-79.%
168

-B81
165

79.8
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-79.8

79.9

GRAPHICS WINDOW

CONSTRAINED NODES



1 20900009 8.23 1.9
| 1/ /B 488 . 490 .
1 41088 . . 287.%
1 1. 1. Sanns.»
1 19888 . 19. s.1
situ stresses
f ] »
16
1 1 2 |
1805.9 1885.% 10900.8
2 4 6
1880.9 1000.2 16908.8
3 7 [ | 9
1888.8 1880.9 1888.%
4 19 11 12
1880.9 1800.9 1080.58
6 13 14 15
1089.8 1800.9 1800.9
36 167 1866 165
1880.0 1800 .8 1600.9
37 178 169 168
180P9.9 10908.8 1809.9
38 173 172 171
1889.8 1098.9 1800.9
39 17¢ 175 174
1080.8 1888.2 1808.8
48 179 178 177
1809.8 10090.9 1898.9
1 26 16 1
1688.9 1688.9 1680.0
11 123 $7 26
1689.8 1680.8 1688 .79
36 165 155 123
1699.9 1680.9 1608.89
] 18 25 66
1608.8 1600.0 1689.90
39 86 122 141
16090 .0 16868.8 1680.98
47 141 164 179
1688.8 1680.8 1606.90
borehole pressure
s ¥ | 1
e
21 88 87 182
4409 .9 4408.8 A44088.0
22 9% 89 88
4480 .9 4488 .9 4409 .9
23 92 91 98
44900 .8 4408 .9 4490 .9
24 94 93 92
44909 .8 4498 .8 44088 .8
25 96 95 94
4409.9 44802.9 4488 .9
26 se 97 96
4408 .8 4400 .0 4408 .9
27 148 99 98
4400.8 4488.0 4488.9
28 182 181 188
4400 .82 4480 .8 4480 .8
1 24 28 9888.1 1.8

A808EE14
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498, MATERIAL PROPERTIES

N2 37.9 1.8 08.0082
N ) 4.5 N8888.9 S.000
N/ /]

APPLTIED BOUNDARY LOADS

INITIAL BOREHOLE PRESSURE

FLUID FLOW PARAMETERS



N
PENLAD WD S

]
L
}
7
1
8
1
4
1
|
1
4
1
s
1
1
1

000887

4408.8
4498.9
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FLUID FLOW BOUNDARY CONDITIONS
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3.3.2 Teletype interaction.

FEFAF IBCESAMFZIDETEEY /7 D 7 .
CHANGE DEFAULY 317D PAPAMETERE (v DP N %

RIET DUTPUT 3IF DN,
MEIPFINSINFITIET TR:
BEGIN RIET DUTFUY
?

MAY CHANGEY JELEMy KE § DLDIYNEW CHANGE THEN KN

1,.376e+40%

?

7
AMEL. FARCTDR 1.347€+ 01}
?
¢
NEV CEACY. FRCTDF

3.446+00

IN ELEMENT c7 NEW CRACH FRCTDP 3I€ S.44€E+ (D
DD YDU WANT A NEW CRACK C(YN» 7
N
EY WHAT FACTDF DD YDU WANMT TD MDDIFY THE LDAD7
FOLLOK HITH & COMMA, ..

1.

1.000

YD YOU HANT TD ITERATE DN FLUII FLOW 7y Cyypd
ird
™ Interface iterations, no flow

DO YOU WANT TD RECDHMFUTE THE INTEPFACE ELEMENT
ETIFFNESSES ANI FERFOPM f REANGLYSIE (YO T

v
MA> CHANGEY JELEM' KS 3 DLI'S NEWS CHANGE 3 THEN kN
€1 Z. 000403 Z. 000402 0. 4.100+404 €.51Ze+0¢ £.47 1+ 0¢
MDHITOFRED NDDAL DISFLACEMEMTS
NOLE ¥~CODRI'. Y—CDORY. ¥Y=DISFL. Y=IISF L. NDIE
Y -€. 000 -10.000 ~F.Z1EZE-03 1,9014e-07 124

RMFL ., FACTDF S.EEZEES ()

DD YOU WANT TD RECOMFUTE THE INTERFACE ELEMENT
ETVIFFNESSES GRNI' FERFDRH A& REANALYSIE (yed ©

T
MAY CHANGE» 1ELEM: K€ § DLYNEH CHANGE » THEW kN
1 S.000e+02 2. 000e+03 0. E.CICE+(E S.4ESE4(E S . SZ1p+(n
MDNITORED NODAL DISFLACEMENTS
NDIE X-CDORD, Y-CODRI'. X-DIEFL, Y-DISF L. . _NOIE.
134 -&.000 =10. 0060 -3.3c13e-0z 1.9010e-0¢ 134

AMEL . FRCTDP 2. 6620401
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PD YDU HANT TD PECOMFUTE THE SNTERFACE ELENENT
STIPPNESSES ANI PEPFOPH & REANALYESIE (YD T

v
MAX CHANGEY SELEM? KE § DL INENH) CHANGE » THEN KN
S1 3.000e¢03 3.00040> 0. 9. 4ESEC 06 9. 478E90¢ §.£276404
MONITDFED NDDRL DISPLACEMENTS
NDDE X=CDODRI:, Yy=CODDPYL, ¥=-DIEFL, Y=DIEF L NDIE
134 -&, 000 -310. 000 -3, 3140 1.9010c-02 1%4

AMFL. FRCTDFR 2,662 0e4+ 01

DD YDU MWANT TD RECOMFUTE TME INTERFHCE ELEMENT
ETIFFNESSES ANI: PERFDRM & REANALYELIE (YN) %

™™ Exit interface iteration loop
1.015e+403
v
AMFL, FARCTDR c. 7045+ (]
?
R
INFUT XMINY YMIN? XMAXY YMAY COMMA DELIMIT
:(?’ =79 7.07, Crack initiation
NEM CRACK FACTDF
€. BIDEX OO
IN ELEMENT c7 NEMH CRACYH FRCTDR 1S £.539+ 00
ID YDU WANT A NEW CRACE (YN 7
v

CELEMENT &)
D YDU VWANT IT IN ELEMEHT SHOWN <YH» %
Tee
ENTEF ELEMENT ¢ MWHEFE CFACYH 1S TD NUCLERTE
FOLLOW HITH & COMMAL. ..

’-E.

e &= Initiation factor (new crack factor) should be unity to start crack
YOU WALE CHDSEN ELEMENT 5 NEW CRACH FARCTDOR = 1.419g+00

NEW CEACY FRACTOF
1.41%+00

I'D YOU WANT YD CHANGE LDAI' TD GET f NEW INITIATIDN FRCTOR:  (yopt
Ty '
ELEMENT ANI' €RUSES FT E

E+

”»

4
£TPzZFyY] TD = 2 c

(S —~Z. €54+ 0z 1.328E+0]

FDFPF THE CRACH NUCLEATIDH

I'QCRE“ENT LOAI FARCTODR. ®»P0 v ePesEePBEEBDBOETDSDS Q-S?QE-Ul

TOTAL LDAD FACTOR.ceesevvrencnsosancsanas S 599 e-0)
MR ETRESEES IN ELEMENT £V NEMW CRACKH FACTDP 1€ c.l14Ze+00
YOU ETILL WARE ELEMENT 5 NEW CPRACH FACTDR = 1. 000+00

v
HNEW CFACK FRCTDF
1. 000400



EN ELEMENY
(ELEMENY
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25 NEN CRACK FACTDR 3 3.000e¢00

e

PO YOU UANT 3T IN ELEMENT SHOWN (YN 7?

Ty

DD YOU HANT TD CHANGE LDAI YD GET A NEW INITIATIDN FACTDMY

N
ENTEF C(XMIN YMIR) & OIMRY YMAXD

CUREDP
FINGLE
CURSDP
S INGLE
CUREDP
£ INGLE
K|

ENTEF 1 o

71

INFUY B3y )
CHAPACTEPS
INEVY 882X
CHARACTERT
INEUY 322 ©
CHAPACTER?

¢ FOF. HDF. e VEFT DF 3 FDF COMPUTED DIFECTIDN OF

DD YDU VANT TD REVERSE THE CRACK TDIRECTIDN (YN 7

T

Use cursor to pinpoint location of crack initiation

Cys )

ENTEF LOCATION DF CRACK NUCLERTIDN

CUrEDPR
EINGLE

INFUY 24Y/)
CHAPRCTER: £

ENTEF 1TSS ELEMENT NUMEEF
FOLLDH HITH & COMMA. ..

€5
es

Interface element on borehole perimeter divides due to crack

INTERFACE ELEHENT

€]l SFLIT INTD ELEMENTE €1 €S

CUPZDOF INFUT 24! (
EINGLE CHARACTER?

K

1

X. 0004 0% 2. 000402 O, G.4ESE+ (L €

S.175e+02

-~
[4

Ev VWHAT FACTOF DD YDU WANT TD MDIIFY THE LDAD:
FOLLDH HITH & COMMA. ..

i.

1,000

Interface iterations, with flow

©9.47&e+0¢

l.2c?e+04

D YOU WNRHNTY TD ITERATE DN FLULID FLDM

v

~
¥

IN FLOY THE ELEMENT NUWMEERS AN DFENINGE:

Ty (you"

41= ¢,0e~04 o= £.0e-09 4= ¢. 0e-04 44= . 0e-04
4= £.0e-04 47= . 0eg-04 4z= . 0e—-04 49= 2. 0e-03
T1= ¢.k-04 o= £, 0e-04 == €. 0e~-04 4= &.0e~04
= .04 7= . 0e-04 &= ¢.0e-04 o= £, 0e~-04
€i= Z.e-04 ¢c= . 0e—-04 €2= ¢, 0e-04 €4= &.0e~04
o= 0,

IN LDICRYY NJIELT =
ITERATIDN NUMEEFR

EMFL .

D YOUu

ST
FERCENT CHRNGE
€.275E+15

€€ NEDLGE Y1) =
MAZ DIEFL VECTDR
] €.e7SE-0C
FRCTOP 1.7&81e+01
THE IHNTERFACE ELEMENT

WY TO RECOMFUTE

 ETIFFNESSES ANI: FEPFDRM f REAMNALYEIE (YN} 7Y

KA
A
1

CHANEGEY

THEN b
G, 4784+ (.

TELEMs KE § OLI NEW CHANGE »

200040 3. 00040 0, <, EGRp 4 (F.

HND FLOW IF LESES THAN

T e 0E-(0r.
= €. 0E-04
0= . 0e~-049
5S= . 0e-04
60‘ £.0e-04
€9= 0,
1.84Ze+0%
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MDNITORED NDDAL DISFLACEMENTS

NDDE %=CODPL. Y~CODPI. X-DIEFL. YeRIgF L.
144 -&, 000 <30,000 ~3. 1645303  3,.933€E-02
AMEL. FaCTOr  3.7EE1E4D]

DD YOU HANT TD RECOMFUTE THE INTEPFACE ELEMENY
STIFFNESEES ANT PERFDPM & REANALYSIE (YN 7
Ty

MED>: CHAENGEY JELEMY KE § DLI9NEWY CHANGE »
20 1,000+01 3.000e+01 O©.

MDNITORED NODAL DISPLACEMENTS

THEN KN

NDDE X~CODRYI. Y-CODRYI. Y-DLIEFL., Y-LIEF L.,
144 -g. 000 -10.000 -3, 1€634-0% 1.9110e~07
AMFL. FACTDR 1.7884E+ 0]

DD YOU MHANT TD RECDMFUTE THE JINTERFACE ELEMENT
ETIFFNESEES RNT FERFDPI f RERNALYEIE (Vidd 7
™
(YN}

D YOU WANT TD ITERATE DH FLUIL FLDI 7y

vy

IN FLDM) THE ELEMENT NUMEERE ANI' DFEHINGEY ND FLODH IF LESE THAN

41= 4. 4-(0% 4= 5. 6E- DS 4=z= 4, 4-0% 44=-1, 1~ (%
4¢.=-4.4e- (™ 47=-4, Ze- (% 4t=-1.ce- 0% 44z S, GQp-(%
Sl=-Z,6E-0% Sc=-1.€e- (% Tz= . Ee-0% €4= 5. 1g-(%
Se= G.le-0O% 7= 1.1e-0c Se=-c.7E- (2 fa=—-§, PE~(F
€1=-C.6E-0Z €c= 1.3e-0C €3= . 1e-0g €4= Z.0e~0F
T0= 3.6e-0Z

IN LDICREY NJELTY €& NEIGEC1) = &

FERCENT CHANGE
g JCd Al (5

T1ISFL VECTDR
t.ceSe- 0o

ITERATIDN NUMEEFP MR

c
1.794te+ ()

FHMFL. FARCTDR
I'D YDU MANT TD RECDMFUTE THE INTEPFACE ELEMENT
ETIFFNESSES GND FERFOPM A REANALYSEIE (yp ™
v
MA CHANGEs JELEM EE€ § DLI»NEWs CHRNGE » THEN K

= Z.O00E+0% 3. 000403 0.
MWONITORED NODAL DISFLACEMENTS

NDIE ¥-CODFI'. Y=CDDRI. Y-DISFL. Y-DISF L.
144 -&. 00 =10. 000 ~Z. 1405~ 0% 1.69%7e-07
AHMFL, FACTDP 1.794%E401

DD YDU NANT TD RECOMFUTE THE INTERFACE ELEMENT
ETIFFNESEES &NI' FERFDRN & REANALYEIS (v 7

i

NDXE

144

1. 000404 1.000e403 &, 950+ 0>

NOXE

144

?. ('E-["E'
4%=-4,4¢-¢
E'('='1 - EIE-(,
5= & B0
€0=-%, G-
E.g: Ec E:E'['

GLEYLIES DS G ETIEC(E 3, 94TE+ (4

NDIE

144
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. DD YDU WNANT TD ITERATE OH FLUID FLDH Ty (ypn)
N

DD YDU WHANY TD RECDMFUTE THE INTERFACE ELEMENT

?STI?FNESSE!' BNI: PERFDRIM A REANALYEIE C(ynd %
N

€.60ze+ 02

MFL. FRCTODP . 7079+ 0}

Crack extension

»
K4
7

NEW CRACY, FACTOF
2. 201400

IN ELEMENTY c7 NEW CPRACH FRCTDP IS €.c01e+00
CRACK EXTENSIDN FACTDF
1.&72e+01
ID YOU WANT & NEUW CFACE <YM 7
Tw
DD YDU WANT TD EXTEND A CRACE ((YW»7
Ty

SHDW THE CRRCY TIF
CURZDP INFUTY 34! <
EINGLE CHARKCTER:

UFDATED FRCTDTS 4,.%5544-01 FRCLDC = 4,744~ 011
ICRACIDLY: ANGLE)Y AHNGLE CHANGE» FRCIFRCHMN
1 7.2REE-15 -5.83cE-0C 1. 000e+00 1.600e+01
CRACYE. EXTENIIDN FRCTDF
1. 000400

YDU HAVE CHOSEN CRACH 1
HANT A& DIFFERENHT TIF7 (YsN?
n
WANT TD PECALCULAKTE THE VAPIAILE LDAI FACTDORPT (yen)
oy
“r
INFUT XMINTYMINXMANy YMAY COMMA DELINMIT

=13, s-13.51032, 015,
-

(4

D YOU WANT TD MDIDIFY MESHOYN'T
Length of crack increment is changed slightly to result in better mesh

Ty

WDULT YD PREFEF A DIFFERENRT CRACK TIF LDCARTIDH <YsN»
v

INDICATE LAST POINT DF THE NEXTY CFACH EXTENTIDH
CUREDF INFUY 837 ¢E

EINGLE CHARACTER:

ENTEF OMIN YMINY & (XMAX YMAYD

curspR INFUT 3°C 0

€ INGLE CHARACTER:

CURSDPR INFUTY 37078

£INGLE CHRAPACTEPRS
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HILL THE CRACY CRDES AN SNTERFACE ELEMENT Cynd 5

1w
CumEDe INFUY 870
FINGLE CHAPACTER!

rs
[

[
-

< 3.000e40% 3.000e403 0. ©.291E40¢ 9.251E+0€
§: 3,000e4 0% 3.000e+40% 0. 9.291640¢ 9.2T1E0E

PD YDU WANT TD RECDMFUTE THE INTEPFRCE ;Eenznv
ETIFFNEESES ANI: FERFDRM & RESMNALYESE (VIO T

-~

<5474 04
©47¢+ 04

(41
Crack closes because no fluid pressure 1s there yet
®e¢ L A R N I N G Coo
CRACH 1 wRs cLDeELs K] = 4. 0775e+0= K11l =  Z2.5C42e+00
K1 wIiLL BESET TD ZEPD
HANT TD CHANGE LDAL FACTOR (vid) 7 CURPEMY CDMFUTELD LDAI' FACTOR= 0. 50%
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MDHITDFED NDIRL DISPLACEMENTS
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3.3.3 Some graphics output
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Figure 14. The Initial Mesh with all the Element Numbers.



-62-.

\ /
/

Figure 15. Heavy Line Originates in Element Where Crack is to
Initiate and Shows Direction Crack will Follow. Pie
Shaped Elements in the Borehole are Interface Elements
and are Made very Thick so that they do not Overlap the
Mesh when Distorted.
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Figure 16. Crack Initiates at Borehole Edge and Ends in Center of Element.
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Figure 17. Circle Shows where New Crack Increment will End.
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Figure 18. Crack Intersects Joint System.




3.4  Numerical Output

The numerical output file for the sample problem includes:

. A complete reiteration of the input data file including all interpolated
nodal positions and all generated nodes and elements. This is

indispensable for debugging.

. Stresses in every element (for up to a maximum of 9 Gauss points per element)
including magnitude of principal :ztresses and angle of maximum principal

stress with the global x-axis.
. Displacements of every node. Stresses and displacements are provided
after each crack increment and after iterations on fluid flow and/or

interface nonlinearities.

. Information about crack initiation or extension increments: location of

crack, new elements, stress intensity factors, etc.

The output file is not reproduced here because of its size.
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4. VERIFICATION AND EXAMPLE PROBLEMS

Solutions to three problems are presented in this section to show the accuracy
and versatility of FEFFLAP. In the first problem, the stress intensity
factors for two radial cracks from a borehole, as calculated by FEFFLAP, are
compared to analytical values. In the second one, FEFFLAP calculations are
correlated to results of physical experiments performed on jointed hydrostone
blocks. The last problem deals with fracturing of a joint system around a

borehole such as may be found in Western gas sands.

4.1 Pressurized Crack and Borehole

FEFFLAP was tested on the cracked borehole problem shown in Figure 19 by
calculating Mode I stress intensity factors for two types of loading: a remote
biaxial tensile stress, and uniformly pressurized borehole and cracks. The

results were compared to established values (15) to obtain an estimate of

Borehole
e

Cracks

Figure 19: Four-fold Symmetry Finite Element Mesh for a Borehole
with Two Opposite Radial Cracks. The Mesh has 28 Elements and 90

Nodes.
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FEFFLAP's accuracy. The mesh shown in Figure 19 represents quadrant 1 of the
sketch and is all that is required to determine displacements and stresses.
For both types of loading each crack length was 1.5 times the borehole radius.
The Mode I stress intensity factor calculated in FEFFLAP was 7 percent higher
than the established value for both cases. These results are quite good when
one considers the coarse finite element mesh. In addition, the mesh is
truncated at 10 times the borehole radius while the established values

correspond to an infinite medium.

4.2. Hydrostone Block Experiments

Sixteen hydrostone block experiments were performed at LLNL to provide physical
test data related to hydrofractures crossing interfaces [16]. The basic test
layout is shown in Figure 20. The problem involves two types of hydrostone
separated by an interface and also includes the steel platens that are used to
load the block. Thus three different solid material types are used. Four
joint-interface types are required: (1) the interface between the two
hydrostone materials, (2) the interfaces between steel platens and the
hydrostone, (3) the joint elements that are inserted into the crack as it
propagates, and (4) a set of joint elements around the interior of the
borehole, which provides a convenient way to pressurize the hole. The last

two joint types are necessary for the fluid fiow part of the analysis.

In order to determine the adequacy of FEFFLAP, a 2-D code, to handle the 3-D
geometry of Figure 20, the stresses in the mid-vertical section of the block
were calculated both with a plane stress FEFFLAP solution, and with a 3-D

jointed block code [17]. Results agreed to better than 1%.

Then, two of the tests were analyzed with FEFFLAP using the mesh shown in
Figure 21. Figure 22 shows the results of a FEFFLAP analysis of one experiment
in which the crack stopped at the interface. Vertical and horizontal loading
stresses were 700 and 100 psi, respectively, and the peak pressure in the
borehole was 2800 psi. In Figure 23 the FEFFLAP analysis of another experiment
shows that a crack reinitiates from the interface. For this case the vertical

and horizontal loads were 1800 and 750 psi respectively, and peak borehole

pressure was 1700 psi.
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Figure 20: Physical Lavout of Jointed Hydroscone Block Experiment [16].

Figure 21: Mesh Used for FEFFLAP Analvsis of the Block Tests; the Mesh
has 122 solid elements, 6 Joint Elements, and 492 Nodes.
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Figure 22: Crack Stops at Interface in liydrostone Block Experiment and
FEFFLAP Analysis.

\

W

Figure 23: C(Crack Penetrates Interface in llydrostone Block Experiment
and FEFFLAP Analysis.
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4.3 Fracturing and Fluid Flow in a Jointed Network

Figure 24 (half-plane symmetric) shows a borehole in a rock mass with multiple
joints. Some of them are continuous throughout the mesh and others are not.
The borehole is initially uncracked. The ends of the discontinuous joints are
treated as crack tips. The borehole is then pressurized. This initiates a
crack. Joint elements are added in the crack as it progresses, to permit flow
and pressurization to proceed. Figure 25 shows that as the crack nears the
first interface (the first joint) it opens it up by inducing a tensile stress
field ahead of the crack front. To our knowledge this interface opening has
not previously been numerically simulated. The crack propagates to the first
rock joint and the fluid flow opens that joint. Figure 26 shows a close-up of
the steady state reached: the crack did not cross the first joint, and all the
flow goes to open other existing joints. Figure 27 shows the resulting grid.
To our knowledge, this constitutes the first demonstration of a capability

combining discrete crack propagation and fracture flow in jointed media.
5. SUMMARY

The stimulation of complex gas reservoirs is best done by massive fracturing.
The fractures are driven by fluids such as gels and foams. The prediction of
fracture extent requires very sophisticated models, to account for the real

geologies in which induced fractures interact with natural discontinuities.

We have developed a state—of-the—art model tc describe fluid-driven fracture
propagation in naturally jointed gas-bearing rock formations. It is a finite
element code, named FEFFLAP (Finite Element Fracture and Flow Analysis
Program). The program is highly interactive, with extensive graphical
displays of the fracture behavior. Many automatic features for input
generation, zoning, and rezoning make the code particularly efficient. The

fracture mechanics, solid mechanics, and fluid mechanics are fully coupled.

Model verification has been performed against analytical solutions and
physical experiments. The program was developed on a CRAY computer and can be
transcoded for use on workstations and minicomputers. This document
constitutes the user's manual for the code and provides sample problems used

for verification and demonstration of the code's versatility.
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joint
dsy

Figure 24: Borehole in a Jointed Rock Mass. Joints are Shown as
Heavy Lines. Note That Two »nf Them are Not Continuous.

Figure 25: Crack Approaching the Nearest Joint Opens the Interface
by the Tensile Stresses Ahead of the Crack Front.



Figure 26: The Crack has Reached the Nearest Interface.

Figure 27: The Resulting Grid.
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